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i Abstract
Anthropogenic climate change is an undeniable threat to the future of the natural world
and human civilization. These shifts will have profound impacts on vegetation, especially for
species endemic to isolated regions or sensitive to climate change factors. However, species
resilience can predict success into the next century. Resilience is defined as the ability to
withstand climate change factors, whereas vulnerability is defined as susceptibility to climate
induced stress or damage.
Chaparral and coastal scrub ecosystems within the Bay Area of California provide a
unique context for examining resilience, as many species are adapted to high temperatures,
drought, and wildfire—all elements predicted to increase with impending climate change.
Through a comparative analysis of three species, the physiological and geographic adaptations
that lend to resilience were assessed, along with estimations for potential range shifts and
population decline. The three species are:
1. Chamise (Adenostoma fasciculatum) – A dominant shrub species projected to increase
in biomass in climate change scenario models
2. Marin Manzanita (Arctostaphylos virgata) – A rare, endemic shrub species with
declining populations
3. Hoary Manzanita (Arctostaphylos canescens) – A species with paleo-ecological
records traced to northern, cooler regions

Of these chosen species Adenostoma fasciculatum was determined to be the most resilient
due to a high threshold tolerance of climate change factors and small seed size. This species will
likely spread throughout the Bay Area and become increasingly dominant as a result.
Arctostaphylos canescens was determined to be the most vulnerable due to projected heat stress,
likely drought stress, and large seed size. Potential refugia for the species within the study area
exists in San Mateo County and assisted migration is a potential option to ensure success into the
future. Lastly, Arctostaphylos virgata was determined to be en situ refugia, and therefore will
likely persist in its current range. Although it is the most sensitive species, it exhibits resilience
because its range is within an area where projected temperatures are lower than the suitability
threshold. Results were determined by comparing species suitability traits to coarse climate
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projections as well as comparing factors of recruitment, temperature, fire disturbance,
temperature exposure risk, water uptake risk, and plant height. Of the resiliency traits examined
in literature review, seed mass and species adaptability were determined as the most important
for discerning future success by allowing species to expand in range and move into suitable
habitat. This research framework can be replicated to analyze vulnerability or resilience for most
vegetation in most ecosystems.

ii Key Words
Climate Change, Adenostoma fasciculatum (Chamise), Arctostaphylos canescens (Hoary
Manzanita), Arctostaphylos virgata (Marin Manzanita), Resilience, Vulnerability, Sensitivity,
Exposure, Risk, San Francisco Bay Area

iii Roadmap
This paper presents and analyzes the impacts of climate change to the chosen species
within the Bay Area study area. First, is a background of general climate change information and
projections, discussing both worldwide and California-based projections. Potential impacts to
vegetation are then discussed, including physiological and geographical traits that contribute to
either vulnerability or resilience. A parsing of the definitions of both ‘vulnerability’ and
‘resilience’ is also included. A background of the chosen species, containing a table of suitability
traits from Calflora.org is provided, and the introduction concludes with definitions of of refugia
and assisted migration. Objective and methodology for this research are provided before delving
into results and synthesis. Factors chosen for results include: recruitment, fire risk, temperature
exposure risk, plant height, and discussion of potential refugia. This is followed by an analysis
and discussion of all results. The research concludes with a summary of findings, management
recommendations, and a flow-chart and accompanying table for land managers to use to assess
other plant species.

“We should preserve every scrap of
biodiversity as priceless” -E.O. Wilson
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I Introduction and Background
Introduction to Climate Change
1.1 Overview
Since the industrial revolution in the late 18th century, there has been an upward trend of
temperature worldwide and increased anomalies in climactic conditions correlated to
anthropogenic factors of greenhouse gas emissions. Recent studies only bolster previous
descriptions of climate
change, which has become a
bourgeoning field of research
as its impacts accelerate. The
temperature worldwide has
markedly increased within
the previous decade of 2000Figure 1. Increasing temperature trends, including 10 hottest years on record.
Courtesy NOAA.gov

2010, yielding the warmest
ten years on record (Figure 1)
with the current decade on

track to overshadow this record. The impacts of climate change are as complex, unique, and
interwoven as the ecosystems and communities that are affected.
Climate change, while occurring on a global scale, has regionally specific implications.
California has experienced a 1̊ C increase in temperature over the past century, with predictions
for the next century including further increases in temperature, shifts in precipitation, rises in sea
level along coastal regions, and increased fire risk (Ackerly et al., 2010). The trajectory of
climate change points to threats for species distribution, habitat availability, abundance, and
implications for ecological interaction.

1.2 Projections
More than 30 models currently exist for projecting climate change scenarios throughout
the world (Caladapt). Other models exist specifically for California and regionally within the
Bay Area. The Intergovernmental Panel on Climate Change (IPCC) released the latest update on
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Climate Change scenarios through the 2014 climate change report, which discusses projections
for climate change worldwide. Four different “representative concentration pathways” are
discussed including a conservative emissions scenario, two middle range scenarios, and one
extreme scenario (IPCC, 2014). The report emphasizes that regardless of scenario, climate
change will continue with prolonged seasonal temperature shifts, variable precipitation, ocean
acidification, sea level rise, and Arctic warming. Between all four scenarios, and utilizing
averages from models, the likely change in mean worldwide temperature is widely projected
between 0.3 ̊ C and 4.8 ̊ C, entirely dependent on greenhouse gas emissions and interactions
(IPCC, 2014). Even if greenhouse gas emissions were completely halted and a zero emissions
scenario were produced, it is uncertain if climate change would completely halt (Keppel et al.,
2011).
Two of the most commonly used IPCC Special Report on Emission scenarios referenced
throughout literature are scenarios B1 and A2. These project a rise in temperature of anywhere
from 2̊ C to 6̊ C by the end of the century, depending on greenhouse gas emission scenarios
(Cayan et al., 2012). The report refers to A2 as a drastic mid-high-emission scenario in which
carbon dioxide (CO2) concentrations reach 830+ parts per million (ppm) by 2100. A2 will result
in approximately <3.7ºC high outcome. The B1 scenario is a lower-emission scenario that can be
viewed as a proxy for stabilizing atmospheric CO2 concentrations at or above 550 ppm by 2100
with a projection of <2.4 ̊ C. Regardless of the model, the most drastic shifts in temperature will
begin mid-century—a point at which the scenarios begin to divide, with the higher emissions

Figure 2. Demonstrating shift in emissions scenarios mid-21st century. Courtesy Cal-adapt.org.
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scenario peaking at the end of the century by approximately 5̊ C and lower emissions scenario
rising at a steadier, less drastic rate of about 2̊ C.
Within the state of California, emissions scenarios and regional climate models fall in
line with the A2 and B1 scenarios. While temperature shifts are relatively predictable,
precipitation shifts within California are more uncertain and remain variable in models for the
future. There is no visible trend in precipitation predictions through the end of the century.
Essentially, precipitation will result in either a
warmer–drier future or warmer–wetter future with
uncertainty within projections. Prolonged drought
remains an overall current concern for the state of
California (Figure 3). The state is currently in the
midst of a 5-year drought that is the most severe of
the 30 droughts in the past 119 years of California’s
recorded history (Cheng et al., 2016). Furthermore,
drought events are likely to occur more frequently
and for longer periods of time than ever before,
regardless of precipitation projections. However,
many climate change precipitation projections point
Figure 3. Palmer Drought Severity Index
Indicating Drought. Courtesy NOAA.

to much more moderate changes, with a slight tendency
toward drier, but an overall less drastic change in

temperature (Dettinger et al., 2005). These conflicting projections could point to drier and longer
summer seasons, but with rainy seasons consistent to historical record, yielding long dry seasons
and historically average wet seasons (Cayan et al., 2012). Even if precipitation remains constant,
other factors that affect net water gain such as evapotranspiration, coastal fog, and snowpack will
change, yielding likely lower overall water uptake despite a higher precipitation scenario.
Overall, the precipitation future for the state of California is currently uncertain.
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Within the study area of San Francisco Bay (defined as the populous area From Sonoma
County to Monterey County, including San Francisco Bay Estuary and San Pablo Estuary),
climate change is expected to present in patches (Cornwell et al., 2012, Ackerly et al., 2012).
More so than the rest of the state, the San Francisco Bay Area
is experiencing climate change variables of temperature
increase and precipitation shifts at its own unique pace.
Microclimates complicate projections (section 3.6) as
there can be segmented temperature differences within the
same location due to topography. Climate models are
complex tools that may not provide perfect accuracy, but
unanimously point to an increasing temperature trend with
related impacts within the Bay Area. There has been greater
warming inland than in coastal areas and at lower elevations.
Within the past decade, summers have had increasing
temperatures with reduced summer fog (Ashcroft et al., 2009,

Figure 4. Climate Change Projections, Northern
California (Dettinger, 2005).

Ackerly et al., 2012, Burgess and Dawson, 2004, Johnstone
and Dawson, 2010). Additionally, while the highest temperatures for the Bay Area historically
occur in July and August, the occurrence of hottest days will likely begin to shift to JuneSeptember (Cayan et al., 2012).

1.3 Trajectory
The trajectory of climate change is difficult to trace and is dependent on future emissions
scenarios. As mentioned, most models focus on ranges that end in 2100, predicting the greatest
spikes by mid-century. Certain regions may experience the brunt of climate change earlier.
depending on factors of geography and topography that make a locale vulnerable to sea level
rise, heat exposure, and drought.
Regardless, anthropogenic climate change is occurring faster than past climatic shifts,
which took place over thousands of years (Loarie et al., 2009). Past climactic changes throughout
natural history occurred at a much slower rate than modern, anthropogenic climate change. It is
undeniable that climate change is resulting in the most accelerated temperature and precipitation
changes within the past 10,000 years (Karl, Trenberth, 2003). Many rare, endemic, and
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otherwise sensitive flora and fauna species will be affected by climate change, pushing these
species past suitability trait thresholds and increasing the risk of population decline and
extinction. Notably, species are shifting in ways that mirror climate change predictions in a
distinct trailing, or “fingerprint” of range shifts—a defined pattern of climate influenced
migration (Parmesan, 2003). Records show that species shift to higher elevations and farther
north to escape escalating temperatures of climate change. These shifts average 6.1 km per
decade, or approximately 0.42 km per year worldwide and across ecosystems, mostly moving
north and up in elevation (Loarie, 2008). Plant populations are moving to cooler, more suitable
conditions as temperatures shift. Notably, as temperatures increase, events marking spring arrival
are occurring an average of 2.3 days earlier each decade, affecting species that rely on seasonal
cues (Parmesan, 2003).
Within California, more than half of the state’s endemic plants are expected to experience
losses of up to 80% within the next hundred years (Loarie et al., 2009). Worldwide, only 8% of
species within protected areas are expected to maintain residence in those same areas throughout
the next century (Loarie et al., 2009). As climate shifts occur, certain plant species have nowhere
to move as suitable habitat becomes increasingly limited—especially for the most sensitive
species. Predicting the rate at which climate change will occur is a difficult endeavor due to the
multitude of variables involved in modeling scenarios. Regardless of climate change model, the
trajectory points to temperature shifts and subsequent loss of habitat.

2.1 Climate Change–Vegetation Overview
Climate change has impacts on many facets of ecology, with vegetation as just one of the
variables to keep in mind for future resilience planning. Climate change will negatively impact
many current vegetation populations through range shifts, population decline, and decline in
species health (Kelly, Goulden, 2008). The general consensus is that plants with inadequate
resilience will be especially jeopardized, this includes endemic vegetation with specific range
and those with limited suitability traits. The velocity of these shifts depends on many ecosystem
factors, but vegetation populations that have undergone some shifts are anticipated to spread
further (Loarie et al, 2009).
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2.2 Succession
Climate change is altering historic rates of vegetative succession. The shifting of the
dominant vegetation type within an ecosystem is known as state change. Typically, the
progression after fire or disturbance within central California progresses as grassland
shrubland forest and in southern California grassland sage scrubchaparral oak
woodland (Cornwell et al, 2012, Cheng et al, 2016). Within the Bay Area, state change of
dominant vegetation has occurred through expanding grassland and shrubland communities as a
result of shifting climactic conditions (Cornwell et al, 2012) (Figure 5). These ecosystems are
dominant due to their resilient status.
For comparison, the most vulnerable
communities worldwide are those at
the highest elevation, because there is
nowhere for these species to migrate.
Alpine ecosystems are for this reason
considered one of the highest risk
because there is nowhere for vegetation
to shift from high-altitude climates
Figure 5. From Cheng et al., 2016.

(Parmesan, 2003). Shifts will occur in
the dominant vegetation of these

communities. For example, alpine species within the Western United States will be replaced by
subalpine woodland and lodgepole pine, which in turn will be replaced by lower elevation
species such as Ponderosa and mixed conifer forests.
Notably, shifts in succession may be highly localized even within the same region,
demonstrating the importance of topography and microclimate. State change shifts can occur
within very small geographic areas based on geographic influence. Succession can take place
based on elevation, shading, or sunlight exposure—whatever is advantageous for the dominant
species (Hsu, 2012).
Much like the vegetative communities that encompass them, certain species with the
highest tolerance will become dominant due to factors emphasizing drought tolerance,
temperature tolerance and geographic proclivities. Likewise, certain species with the most
limited tolerance may decline in population due to competition for natural resources and
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encroachment from dominant species as well as exposure to environmental stressors.

2.3 Species Vulnerability
Species resilience will predict ability to succeed in a climate change future, while species
vulnerability will predict challenges. Vulnerability is defined as the propensity of an ecosystem
or species to be sensitive and adversely impacted by impending climate change factors while
resilience is the propensity to withstand climate change factors (Comer et al., 2012, IPCC 2007)
The physiological makeup, adaptations, and geographic location of individual species determine
vulnerability to factors such as water availability, temperature, and disturbance. Some species
will be able to withstand extreme shifts in conditions, while others will not. Ultimately, if a
species is able to withstand extremes of temperature and precipitation as well as migrate into
suitable habitat, its chances of prolonged success are greater (Estrada et al., 2015, Anaecker et
al., 2012, Rapacciuolo et al., 2014).

2.4 Physiology of Climate Resilient Vegetation
Dispersal Capability and Seed Mass +

Seed Bank Persistence +*

Persistence After Damage/ Sensitivity to

Self-Pollination + **

Disturbance * **
Reproductive Frequency + *

Specific Leaf Area *

Plant Height *

Genetic plasticity/adaptability *

Paleoecology and Past Climate Record *

Water Uptake Mechanism *

*Estrada et al., 2015, ** Rapacciuolo et al., 2014, +Wolf et al., 2016

1. Dispersal Capability and Seed Mass: Small, light seeds are able to travel farther
distances to eventually fall within a suitable habitat range. Large or bulky seeds typically
do not have mechanisms to travel farther distances, yielding a more limited range and
fewer options for reaching refugia (Wolf et al., 2016).
2. Seed Bank Persistence: Long-lived seed is able to remain viable for germination in soil
until conditions are ideal. These plants may respond to environmental triggers
seritonously (i.e. via disturbance).
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3. Persistence After Damage/ Sensitivity to Disturbance: Resprouting or reseeding ability
after destructive forces such as herbivory or fire allows for greater resilience. Species
ability to resprout after disturbance such as herbivory or fire yields greater success and
ability to reproduce.
4. Self -Pollination: Due to potential pollinator mismatch with rising temperatures, selfpollination allows for easier reproduction through less variables in the pollination
process.
5. Reproductive Frequency: Annuals generally disperse a large amount of seed with an
often high dispersal rate, while perennials generally produce fewer seeds with a lower
dispersal rate.
6. Specific Leaf Area (SLA): Plant species with a high leaf area are able to more easily
take up Nitrogen and sunlight for photosynthesis.
7. Plant Height: taller plants will have more access to sunlight and maintain more biomass
while overcrowding competition understory plants.
8. Paleoecology and past climate records: Based on former record of growth patterns and
regions, predictions can be made for how species will fare with climatic shifts. Nearby
areas with similar conditions to records of former habitat can be considered as potential
refugia.
9. Water Uptake Mechanism: Ability to absorb water through long roots, rhizomes, foliar
uptake, etc. These traits assist plants through prolonged drought, whereas less developed
water uptake structures may hinder vegetation.
PHENOLOGICAL TRAITS OF CLIMATE RESILIENT VEGETATION
Length of flowering time *

Succession Rate *

*Estrada et al 2015

1. Length of Flowering Time: Plants with phenology yielding a long range of time where
flowers are blooming have a greater chance of pollination, bolstering populations.
2. Succession Rate: Establishment early in succession allows vegetation to gain a
stronghold within an ecological community. Late succession species face more
competition for resources.
Physiology is an incredibly important factor to consider when assessing resilience
(Estrada et al, 2015, Anaecker et al, 2013). All of the traits listed above contribute
to an overall framework to consider, but within this research, factors of: temperature,
water availability, recruitment, fire disturbance, and plant height will be examined.
There are several ground-truthing methods that have arisen as the stand-by for
quantifying vegetation vulnerability: observation, experiments, and modeling
(Ackerly, 2012). Observations over time of a particular site may provide evidence of
state change. Similarly, experimental plots can be set up to visually explore state
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change in a controlled setting. Modelling is more complex than these other two
options and yields a variety of outcomes and possible scenarios. Vegetation
modeling surmises a link between climatic and environmental variables and
vegetation type.

2.5 Geography, Risk, Sensitivity
Vegetation is notably vulnerable to shifts if established inland, at low
elevations, away from riparian areas, and with a northwest aspect (Ashcroft, et
al, 2009). These conditions present heat stress and drought stress at a higher
likelihood, pushing towards the threshold of suitability traits. More neutral
temperature shifts have been indicated on coastlines or riparian areas, at
higher elevations, exposed to S or SE winds or protected from warm winds.
Species will respond to climate change through either: range shifts and/or
declining populations.
While physiology is a primary factor influencing both vulnerability and
resilience, location can exacerbate physiological limitations. Plant species which are
inland, at low elevation, far from riparian areas, and exposed to warm, dry northern
winds are at greater risk for harsher climate change impacts (Ashcroft et al, 2009).
Additionally, aspect is influential—species facing a northern aspect are generally
exposed to cooler temperatures than those that face a southern aspect (Parmesan,
2003). While species in these areas are generally better adapted to warmer
temperatures, as climate change progresses, conditions will only become more
extreme. Risk in the instance is analogous to exposure due to geographic location
As climate change continues, although risk of exposure is lower in coastal
areas, species sensitivity is generally higher. Sensitivity in this instance is defined as
traits As a caveat, even though risk is greatest inland, sensitivity is often deemed
highest close to the coast, at lower insolation, on north-facing slopes, and areas of
higher precipitation---these plant species typically don’t have the physiological
adaptations to withstand higher temperatures and suitability thresholds remain lower
than for inland species, even though these inland species may face greater exposure
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(Ackerly et al, 2015). Through natural selection, these species are better suited to
cooler, wetter climates and will be more prone to damage as patterns shift, even if
shifts aren’t as extreme as inland. As climate change continues, although risk of
exposure is lower in coastal areas, species sensitivity is generally higher. Sensitivity
in this instance is defined as traits derived from adaptations to geographic location
which make a species vulnerable.
Another factor that does not apply to this particular research, but that is critical to
mention is distance from Mean High Tide. Species which are close to the tidal zone
(typically wetland species) face inundation as sea levels rise. If these species are not
able to move upland faster than the rate of sea level rise, they are in jeopardy
(Grewell et al, 2013).
Exposure – The amount of temperature or drought stress a species endures, due to
geography (situated inland, at low elevation, far from riparian areas, at a vulnerable
aspect) and traits of physiology.
Sensitivity – The physiology of a plant species and ability (or lack of ability) to
handle exposure.

Adaptability/plasticity- The ability to adapt at the same velocity as climate change
(Comer et al., 2012)

GEOGRAPHY OF CLIMATE RESILIENT VEGETATION
Distance from
Aspect+ ^
Distance from
Elevation+^
MHT*
coast +^
Ackerly et al, 2015+ Ashcroft et al, 2009^ Grewell et al, 2013

*
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Risk/Exposure
-INLAND
-LOW ELEVATION
-FAR FROM RIPARIAN ZONES
-EXPOSED TO WARM WINDS
-HIGH INSOLATION
-COASTAL AREAS AT RISK OF
SEA LEVEL RISE INUNDATION
*AREAS EXPOSED TO WORST
OF CLIMATE CHANGE

Sensitivity
-LOW DISPERSAL RADIUS
-SENSITIVITY TO DISTURBANCE
-LOW REPRODUCTION FREQUENCY
-LOW PLASTICITY
-GEOGRAPHY --SHORTER HEIGHT/ SMALL SLA
-RELICT POPULATIONS FROM
COOLER CLIMATES
*SPECIES LACKING PHYSIOLOGICAL
ADAPTATIONS TO HIGHER
TEMPS

Figure 6. Risk and sensitivity

2.6 Chaparral and Coastal Scrub Ecosystems
Chaparral is a hearty scrub and shrubland ecosystem found throughout Mediterranean
regions and present throughout California. These ecosystems are particularly robust in Southern
California, but display a broad array of plant species throughout the state. Plants are composed of
evergreen sclerophyllous vegetation with waxy, drought resistant leaves and overall composition
that depends highly on soil moisture, slope aspect, elevation, and fire frequency (Pratt et al.,
2014). A variety of adaptations exist in chaparral communities for vegetation to withstand
Mediterranean climate conditions. Sclerophyllous leaves, by definition, are tough and leathery
with a waxy cuticle to limit evapotranspiration water loss. Stomata on leaves of many chaparral
species are small and embedded lower on the surface of the leaf. These plants maintain
tremendous resilience to herbivory or fire disturbance with the ability to resprout new growth or
germinate through serotiny.
Chaparral Area in California by County (in acres)*
Los Angeles – 553,789*
Monterey – 369,345
Marin – 37,566

San Luis Obispo – 417, 718
San Mateo – 36,152
Santa Cruz – 32,328
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Additionally, many chaparral shrubland species are able to quickly bounce back from
fires and claim space as early succession, post-burn species (Pratt et al., 2013). Several types of
sprouting categories exist (Figure 8). Fire is a critical component of the chaparral ecosystem by
clearing away dead brush and stimulating fresh growth.

*Figure 7. Chaparral Distribution map. Bosinger, and D. Beardsley. 2004.
Chaparral in Southern and Central Coastal California in the Mid-1990's:
Area, Ownership, Condition, and Change. USFS Resource Bulletin PNW-RB-240

Type

Traits

Facultative sprouter (S)

Resprouts, fire stimulated germination

Non-sprouters, Obligate seeder (NS)

Do not resprout, fire stimulated germination
Relies completely on seeds. Plants charred

Obligate resprouters

Underground resprouting, seeds killed by fire

Facultative seeders

Resprouts after fire or cutting, persistent seed
bank

Figure 8. Resprouting capability categories
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Some species are only able to germinate or resprout after a blaze. For example, burns
increase germination rates of Big Pod Ceanothus (Ceanothus megacarpus), Manzanita
(Arctostaphylos sp), and fire poppies (Papaver californicum). Some pine species throughout the
West contain a coating over the cone that is only melted and therefore “opened” during a fire
(Debano, 1978). Chaparral ecosystems as a whole are well suited to climate change resilience
due to drought, fire, and heat adaptations. Facultative seeders and sprouters are predicted to
spread and succeed most as temperatures increase and fire spreads.

2.7 Chaparral and Coastal Scrub
Two major distinctions occur when defining chaparral species: ‘soft’ chaparral and ‘hard’
chaparral. Soft—also called coastal sage scrub or coastal scrub—consists of many species more
common on the Central California coast, including Artemesia californica, Lupinus spp, and
Bacharis pilularis. Sometimes it can also be called maritime chaparral, as the marine layer is
very influential as a heat buffer in these ecosystem areas (Vasey et al., 2014). Geographically,
this type of vegetation is lower in elevation within patches from Mendocino County to Santa
Barbara County and from San Diego County to Baja. Hard chaparral is heartier and physically
more durable, often growing in thick, impenetrable stands when undisturbed, growing in the
inland interior and generally montane, southern-facing, rocky slopes. Common species consist of
the dominant Adenostoma fasciculatum, as well as Ceanothus spp. and many Arctostaphylos spp
(Vasey et al., 2012). A transitional chaparral layer can also be defined between the interior hard
chaparral and coast soft chaparral and it is located in upland coastal areas with mild summer fog
influence (Vasey et al., 2014).
While resilient as an ecosystem, the most drought stress is experienced during the dry
season when soil water retention and precipitation is low, while evapotranspiration from
increased temperatures and insolation is high (Vasey, Loik 2012). Many chaparral species have
special adaptations, including the ability to close stomata throughout drought conditions to
withhold moisture (Ackerly, 2012). With projected rising temperatures, the majority of chaparral
vegetation maintain adaptations to withstand increased heat and drought.
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2.8 Nutrients
Nutrients are sparse within chaparral and coastal scrub ecosystems. Chaparral is
frequently Nitrogen limited with significant nutrient dispersal from fire in the years after a burn,
which enriches the soil with key nutrients. After a decade or more between burn intervals,
Nitrogen and Phosphorous once again become depleted (Rundel, Parsons, 1980). Nitrogen is the
most plentiful nutrient in this ecosystem (although still often existing in low quantities); Carbon,
Potassium, Calcium, and Phosphorous all exist in low quantities but are returned to the soil as
ash after a burn (McPherson, Muller, 1969, Debano, 1978). Fire itself is not a nutrient recycler,
but a nutrient waste remover. Flames carry materials and waste through smoke while the
remaining ash revitalizes nutrients and replenishes soil. After a burn, the remaining ash coating
the topsoil is called charate, which contains compounds that increase seed germination of all
chaparral species. Fire is the driving force behind nutrient cycling within the study ecosystem.

3.1 Introduction to Chosen Species
Climate change is projected to alter the makeup of vegetation throughout the Bay Area.
While one species examined, Adenostoma fasciculatum, is projected to thrive and expand in
range, it is important to compare and contrast it with other species’ that will react very
differently to climate change impacts. For comparison, other species are predicted to shrink in
range and population size due to stressors from increased temperature and drought.
Arctostaphylos virgata generally has decreasing numbers with climate change as an uncertain
impact. There is no current available published information on Arctostaphylos canescens
projections. It is often difficult to determine where and how these transitions will be presented
and is dependent on a multitude of future climate change scenarios as represented through
models. Much depends on the thresholds for vegetation and ability to withstand a wide range of
climactic shifts.

3.2 Chamise
Adenostoma fasciculatum (hereby referred to as Adenostoma fasciculatum, A.
fasciculatum, or the common name chamise) is anticipated to expand its range immensely in the
Bay Area (Cornwell et al., 2012). It is a facultative seeder and can both resprout from a basal
burl and germinate after a burn, sometimes even resprouting directly from roots. Adenostoma
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fasciculatum thrives in a 20-year fire cycle where it is able to regenerate new growth at a
dependable pace (Pratt). Leaves are thin with a waxy coating to withstand water loss and strong
heat. Populations grow in dense stands and reach heights of no more than 10 feet tall, which
flower from June to August. Chamise tends to be more successful within inland chaparral areas
(Vasey and Loik, 2012). The species is resilient and can succeed in nutrient poor soil, high
temperatures, and otherwise harsh conditions.
A. fasciculatum suppresses competitive vegetation by releasing allelopathic toxins in the
soil. Often this substance is released in rain and removed by the fire cycle (Debano, 1977).
Allelopathy is a controversial subject as it is difficult to isolate all possible factors that might
lead to suppression of competition species,
however, it is undeniable that A. fasciculatum
overtakes vegetative communities in patches.
Within the Bay Area it grows along coastal
chaparral areas from Sonoma to Monterey and
inland, with dense occurrences in Contra Costa
County and some occurrences in Alameda
County. The species is highly flammable with

Figure 8. Adenostoma fasciculatum. Photo courtesy Stan
Shebs.

dry, brittle leaves and an incendiary, waxy
coating.
Climate change is predicted to foster

FACTORS

TOLERANCE

TOTAL RANGE

Elevation

0-2,340 meters

2,340 meters

adequate conditions for shrublands

Precipitation

11-89 inches

78 inches

within the Bay Area, making

Wet Season

4-8 months

4 months

circumstances ideal for the already

Temperature range

< 66̊ F

dominant A. fasciculatum. State change

December Low

30F ̊

is anticipated to occur, where shrublands

July High

98 F̊

overtake other ecosystems and A.

Growing Season

4-12 months

Hardiness Zones

8b-11a

fasciculatum becomes the dominant
Calflora.org

vegetation type in shrublands (Hsu et al.
2012). Chamise is anticipated to

constitute over a quarter of the vegetation within the Bay Area and the vast majority in the South
Bay and Peninsula (Cornwell et al., 2012)
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3.3 Manzanita
Arctostaphylos biodiversity within
coastal chaparral is incredibly rich and varied
with more than 100 currently acknowledged
taxa. The genus as a whole is fire adapted and
typically consists of either sprouters, which
resprout from basal burls, or obligate seeders,
which germinate from fire but don’t resprout.
Regardless of type, an abundant seedbank
accumulates until activated to germination by
wildfire. This genus is important to examine
within the context of climate change resilience
because of its endemism within so many
environments in California. It represents a few
of the most endangered species in the world,
such as Arctostaphylos hookerii and

Figure 10 Genus Distribution Vasey et al, 2014

Arctostaphylos franciscana, of which there are
only sole individuals of each left in the wild.

3.4 Hoary Manzanita
Two Bay Area species that represent
different aspects of climate influenced
vulnerability are Arctostaphylos canescens
(hereby referred to as Arctostaphylos canescens,
A. canescens, or Hoary Manzanita) and
Arctostaphylos virgata (hereby referred to as
Arctostaphylos virgata, A. virgata, or Marin
Manzanita). Arctostaphylos Canescens is a non-

Figure 10. Hoary Manzanita. Photo courtesy Tom Hilton.

sprouting manzanita species that often goes
Figure 11 Hoary Manzanita-Calflora.org
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by the common name Hoary Manzanita. It can vary in growth from ground-level, matted and
spreading, to a shrub no more than 2 meters in height. Branches are hairy or wooly. Leaves are
oval and waxy, sometimes wooly as well. The plant has white, bell-shaped inflorescence typical
of Ericaceae that bloom for three months from January to April. It requires well-drained soil. It is
more cold tolerant than heat tolerant and can withstand cold down to -12.2°C, but can’t tolerate
high temperatures well. Along with chaparral communities, it can also grow within Douglas fir
and yellow pine forests.
On Mount Tamalpais, Hoary Manzanita appears as co-dominant with other manzanita
species at convex, middle, or upper slopes on sedimentary rock at approximately 10 different
sites within East Peak, Elkridge Horse Trough, Portrero Meadow, Old Stage, Middle Peak, Rock
Spring, and Railroad Grade. There are historical records throughout the Mt. Tam area and within
the study area, this is the site where the species is most prevalent. Within the rest of the Bay
Area, it grows historically on ridges in parkland throughout Santa Cruz County, in four locations
within Sonoma County, in Skyline Wilderness Park and Mt George Botanical Preserve in Napa
County, and with one historical record on King’s Mountain in San Mateo County.
Populations are densest in Northwestern California and the inner North Coast Range,
which bolsters suggestions that the species is likely a relict disjunct from cooler, wetter times
(Vasey, in person communication).

FACTORS
Elevation
Precipitation
Wet Season
Temperature range
December Low
July High
Growing Season
Hardiness Zones

TOLERANCE
10-1,860 meters
32-123 inches
7-10 months
< 64 F
28F
93 F̊
2-8 months
8a-10a

TOTAL RANGE
1,850 meters
91 inches

Calflora.org
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3.5 Marin Manzanita
Arctostaphylos virgata is a facultative sprouter/obligate seeder in the Ericaceae family,
endemic to Marin County. It is also referred to by the common names Marin Manzanita or
Bolinas Manzanita. It grows 2-5 meters tall, ranging from shrublike to tree-like in gestalt. Leaves are oval to lanceolate with
petioles 2-4 mm long and blades 3-5 cm long by 1-2.5 cm wide.
Twigs can extrude a sticky resin and fruits emit sticky, glandular
hairs. Flowers grow in a cluster about 7 cm wide, which blossoms
for two months from January to March. As a facultative sprouter, it
is bolstered by wildfires for regeneration. It is found on the ecotone
of forest and chaparral areas. This species is heavily influenced by
the maritime coastal climate with suitability traits adapted to
slightly cooler temperatures than many chaparral species. The July
high tolerance is only 26.6° C, compared to much higher
temperatures for similar plants within the same community.

Figure 12. Marin Manzanita.
Courtesy NPS

Due to its endemism, it is listed as a rare plant by the California Native Plant Society
(CNPS) with a 1B.2 Rare Plant Rank rating, meaning it is rare, threatened, or endangered in
Californa and elsewhere. It is only found in Western Marin County with about 20 occurrences
overall, including the Southern Slopes of Mount Tamalpais and areas throughout Point Reyes
National Seashore. Population estimates as of 2007 hover around 17,000 individuals total
(Parker, 2007). Historic range is throughout the fog belt of Marin County; on which it is
FACTORS
Elevation
Precipitation
Wet Season
Temperature range
December Low
July High
Growing Season
Hardiness Zones

TOLERANCE
13-700 meters
34-65 inches
7-8 months
< 38 F
42 F
80 F̊
7-9 months
9b-10a

TOTAL RANGE
meters
inches

restricted in range. It is highly foginfluenced and unlikely to succeed outside
of a maritime fog-belt (Vasey, 2011). There
are estimated to currently be about 17,090
individuals total remaining and populations
have been declining. It should be noted that

Calflora.org

both Arctostaphylos species listed above are

very similar to one another physiologically—enough to represent 7 and 7" in the Key to
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Arctostaphylos species on Point Reyes Peninsula, Bolinas Ridge, and the South Slope of Mount
Tamalpais.
*Figure 13. Status and Management Recommendations for Arctostaphylos virgata (Marin Manzanita) in Point Reyes National
Seashore. Table from Parker, V. T. 2007.

Location

Estimated Population Size

San Geronimo Ridge

20

Tamalpais above Muir Woods

20

Bolinas Ridge

600

Inverness Ridge

--

North of Sir Francis Drake Blvd

500

South of Sir Francis Drake Blvd

500

Inverness Ridge/ Drake’s View

15,000

Fire Lane Trail

250

Southern Inverness Ridge

200

TOTALS

17,090 *
Estimated Population Size As of 2007*
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Figure 14 Species Distribution Map
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3.6 Study Area and Microclimates
The study area (map above) represents Bay Area species distribution for all three species.
The boundaries are by watershed and range North-South from Sonoma to Monterey and EastWest from the coast- Central Valley border. Five major watersheds are depicted on the map,
however, some species points fall outside of these watershed boundaries. All discussion of
species within this research falls within the outlined distribution area. Likewise, all management
recommendations (Section VI) are based solely on the study area.
The distribution map encompasses differing microclimates, indicative of the variety of
microclimates found throughout the state. California has many microclimates due to topography
and geography, which influence weather patterns and conditions. From north to south within the
state, there is a gradient of water scarcity as forests yield to Mediterranean climate, then
chaparral, finally desert. From east to west there is a distinct heat gradient as coastal
temperatures are much cooler than inland temperature. Topographic differences in elevation and
land features can impact temperature as well (Cornwell et al., 2012, Maclean et al. 2015). The
table and map below outline study area microclimate details
General Microclimate features by County:
Study Area County
Marin County

Sonoma County

Napa County
Alameda County
Contra Costa County
Santa Clara County
San Mateo County

General Features
Three general microclimates: cold air basins &
hilltops, thermal belts, coastal. Warm, dry
summers in the first two (highs 27°C-32°C),
cooler summers in the latter closer to the ocean
(high 26°C).
Cold Air Basins and Coastal Warm Area.
Central Sonoma hot and dry with some slightly
cooler basin or hilltop areas. Summer highs
typically 32°C
Coastal Warm Area. Hot and dry with cooler
patches. Summer high average 28°C
Cold Air Basins and Coastal Warm Area.
Coastal Warm Area,Thermal Belt, Coastal,
Summer high average 30° C
Cold air Basins & Hilltops, Coastal. Summer
high average 30° C
Coastal Warm Area, Cold Air Basins, Thermal
Belts, Coastal. Summer high average 25° C

Derived from Sunset Microclimate guide. Sunset et al., 2012, NOAA
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Microclimates by County

Cold Air Basin
Coastal

Thermal Belts

Coastal Warm Area

Figure 15 Study Area Microclimate Map
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3.7 Rare Plants
Arctostaphylos virgata is a CNPS listed 1B.2 rare plant with currently declining
populations, which warrants the species extra care and consideration. Rare and locally rare native
plants contribute to biodiversity and overall ecosystem function. The preservation of California
rare plant populations is a critical component of overall vegetation management. Guidance is
necessary to ensure the highest quality of adaptive management to preserve rare plant species.
CNPS maintains oversight of rare species within California while the Fish and Wildlife Service
(FWS) maintains oversight of listed endangered species.
Vulnerability is different than rarity (although vulnerability can induce rarity)—both
concepts are discussed in this research (2.3-2.5). Vulnerability can apply to any species
regardless of range or population size relating to physiological traits. Rarity is related to limited
population, especially induced by endemism; either a species starts out rare due to limited range,
or the species becomes rare due to extenuating impacts. FWS and CNPS work together under a
memorandum of understanding to monitor designated rare plant species even if they are not
federally listed.
The CNPS system to catalogue rarity is as follows:

1A-Presumed Extirpated

1B- Rare, Threatened, Declining
Populations

2A-Extirpated in CA but
common elsewhere

2B-Rare, Threatened, Declining
in CA but common elsewhere

3-More Information needed

4-Watch List

3.8 Refugia
Throughout natural history, plants and animals have shifted into more suitable habitats as
climate changes naturally over millennia—following the moving climatic conditions into more
suitable habitat called refugia. Past records of plant range collected through fossils and pollen
samples (known as paleoecology) are useful for determining past range and related physiological
thresholds. Paleoecology can provide context for past range and shifts, as previous range may
indicate a species suitability trait of preference for temperature and moisture that is different
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from current status. Records from the Pleistocene era demonstrate pollen shifts in accordance
with plant species suitability traits and temperature changes (Keppel, 2012). While the term
suggests protection from all disturbance, ranging from herbivory to development, within the
context of climate change refugia refers to the biological concept of an area where once
widespread plants can be sheltered from changing, harsher climactic conditions. The definition is
differentiated from ‘refuge’ in that refugia typically refers to shifts in range, while refuge is often
relegated by policy and results in shorter-term shifts. Refugia is increasingly important as climate
change accelerations approach, and predicting locations of refugia will be crucial to survival of
the most sensitive plant species. Unlike climate change shifts throughout natural history which
have occurred slowly, the velocity of anthropogenic climate change is much faster and warrants
examination of areas where sensitive flora and fauna can move to be protected. Refugia are safe
spaces within the suitability threshold for sensitive species. They are also noteworthy for high
species diversity and rates of endemism.
There is evidence of anthropogenic climate change stimulating a species shift toward
refugia. Within the state of California, 15% of all taxa and 12% of endemic taxa have shifted
upward in elevation from documented habitat in the past century (Wolf et al., 2016). However,
these shifts may not be strictly along a predictable pathway or climate change “fingerprint” of
upslope and poleward (Parmesan et al., 2006) as previously predicted. Topography and latitude
often serves as a cue for movement from historic habitat, but shifts are complex and
multidimensional depending on habitat and species (Keppel et al., 2011). Distance from the coast
combined with elevation may in fact be most influential for predicting refugia. The closer to the
coast, the more buffer from harsh inland insolation and temperatures, and the higher the
elevation, the cooler the temperatures. As mentioned in sections 2.4 and 2.5, climatic conditions
of wind direction and insolation are as important to keep in mind as geographic and topographic
conditions when considering potential refugia. Higher-than-average temperatures are more
prevalent inland, at low elevations, distanced from riparian areas, and in sites with high
insolation. Higher-than-average temperatures are less prevalent in coastal areas, higher
elevations, closer to riparian areas, and exposed to cold S–SE winds or sheltered from warm W–
NW or N–NNE winds (Ashcroft et al., 2009 Climate change has shifted weather patterns,
leading to subtle and often geographically distinct patterns of warming. There are distinct spatial
differences in the amount of warming within a habitat based on these factors.
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Another useful factor for determining refugia is topography due to climactic control
factors of ridges, elevation, valleys, canyons, etc. Slopes, canyons, ridges, and similar
topographic structures often provide cooler temperatures and protection from the harshest
conditions. Suitability traits are the final criteria for determining refugia and it is important to
look to individual species for physiology and thresholds to match where species may migrate
based on projected climate.
Predicting refugia is a complex but important endeavor dependent on the factors listed of
paleoecology, climate, topography, and suitability traits. Future projections are critical for
determining the range of species after the impacts of climactic shifts Ultimately, species will
migrate to areas where they are able to thrive.
It is important to note that climate change may also alter and affect currently existing
refugia. These areas, although more suitable for sensitive species are not immune to increases in
temperature and shifts in precipitation. Refugia where species have already migrated (in situ) can
be susceptible to habitat shifts if temperatures in these areas increase, which will influence the
vulnerable species that have migrated to these sites. Comparable ex situ sites may be at too far a
range for the species to migrate naturally, causing complications for the benefits of refugia
(Keppel et al., 2011).

3.9 Assisted Migration
Species may not be able to shift into refugia at a rate fast enough to keep up with
projected anthropogenic climate change. Plant species are adaptable and will adjust to changing
climates over extended periods of time, but current climate change projections are too quick of a
change in too short of a time for the least plastic species (Parmesan, 2006). A potential solution
is a relatively new one, developed in the last decade—assisted migration, or the human
intervention of species migration. Assisted migration, also called assisted colonization, is a
potential solution for transporting vulnerable flora and fauna into refugia that may be difficult for
the species to reach otherwise. It involves determining an appropriate area to move species based
on climate change projections and suitability traits and then transplanting, seeding, or planting
into predetermined locations. Through paleoecology, it has been determined that species shift
into suitable habitat over thousands of years naturally. However, due to the velocity of
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anthropogenic climate change, time is limited and suitable habitat may be too far for the most
vulnerable species to reach (Parmesan 2003, 2006).
When the concept of assisted migration emerged in 2007, it was controversial, but it is
becoming a more standard means of conservation. Potential risks cited by skeptics include
unforeseen species interaction and introduced species becoming invasive. Many also worry about
genetic complications such as outbreeding depression, a weakening of the gene pool (Weeks et
al., 2011). However, the benefits of extending threatened plant species may far outweigh the risk
factors. Plant species that are slow to migrate are the best candidates for this method and as a
result, it is a bourgeoning field of research for forestry managers (McLachlen, Hellman,
Schwartz, 2007).

II Objective
The objective of this research is to determine individual species resilience or vulnerability
to climate change threats and any potential population shifts and recommended refugia.
Additionally, a framework for determining resiliency or vulnerability for any species is
determined (appendix). Climate change will alter ecosystem stability and change biotic
interactions as they currently occur. Populations of rare, threatened, and endemic plants such as
Arctostaphylos virgata, and to a lesser extent Arctostaphylos canescens, are considered
especially vulnerable to threats from climate change due to endemism and limited suitable
habitat, early planning will only bolster the chances of species success. The outcome of this
research intends to pinpoint current and upcoming threats and provide management
recommendations to keep populations stable.
It is crucial to maintain natural resources, despite a changing climate, in order to preserve
biodiversity, as each individual species plays a unique role in the functioning of the entire
ecosystem. Land managers must be informed of impending threats to species in order to best
prepare for the future and preserve biodiversity. The conclusions of this research provide land
managers with projected outcomes and tangible recommendations for the three species. Land
managers working outside of the study area or with different species can utilize the same
framework to assess resilience and vulnerability through the replicable methodology listed below
and flow chart and tables in the appendix.

34

The general public should likewise be engaged in this topic because often the farreaching impacts of climate change aren’t discussed with a general audience. These impacts go
beyond even the most obvious ramifications of a warmer climate. The complex domino effects
of climate change need to be understood by a greater audience than just scientists and
researchers. The impact to vegetation is one lens in which to view a climate change future.

III Methods
The methodology for this research is replicable for any plant species and any ecosystem,
although some tools used are locally specific to California or the Bay Area. The first challenge in
developing a methodology was choosing appropriate species. As a secondary research paper,
considerations had to be made for existing data for local plant species. It was critical to choose
species with incontrovertible response to climate change impacts that also possess enough
current data to create a valid argument. Comparative analysis of climate change literature,
interviews with local experts, and literature about Bay Area species yielded the chosen species.
To create a compelling contrast, three very different plants were chosen within the same general
ecosystem type. A species was chosen with current literature suggesting it will expand with
climate change (chamise) to compare to a rare, cooler-climate endemic species with already
declining numbers (Marin Manzanita), and a third species with an uncertain response to climate
change (Hoary Manzanita). A study area was determined based on the range of all species with a
reasonable regional border which ranges from northern Napa and Sonoma counties south to
southern San Mateo county. After a thorough literature review of climate change and potential
impacts to vegetation, suitability traits and thresholds for each species were analyzed. The traits
chosen for these species are region- and ecosystem-specific, and different traits such as elevation
or threat from sea level rise can be considered based on location. Vegetation studies should
always occur at a local level.
The following were chosen based on applicability to Bay Area chaparral and coastal
scrub ecosystems in the face of climate change:
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Trait
Recruitment

Fire Risk

Temperature exposure risk

Water uptake risk

Plant Height

How/Why Chosen
Seed size and weight was determined through
the Jepson manual and the Royal Botanical
Gardens Kew Seed Information Database
(data.kew.org/sid). Additional relevant
information gathered from scientific literature.
This trait was chosen because reproductive
success determines ability to spread into
suitable habitat.
Map and projection information from
Caladapt (cal-adapt.org), using the local
snapshot tool and Calfire (fire.ca.gov).
Additional relevant information gathered from
scientific literature. This trait was chosen
because fire is such an integral component of
California natural history, and fire risk is
expected to rise slightly in the study area.
Species temperature tolerance from
calflora.org, regional projections from
Caladapt local snapshot tool.
Water uptake needs from calflora.org, regional
projections from Caladapt local snapshot tool.
Additional information on evapotranspiration
and fog from scientific literature.
This trait was examined to determine species
risk of encroachment and access to natural
resources.

To create a Species Distribution map and associated maps, Esri’s ArcGIS was used.
Species point data was downloaded from iNaturalist and edited for accuracy. The Basemap is
based on Bay Area watersheds. All thresholds were examined and all maps were made using data
that projects to the end of the century—2099, or as close to this year as possible.
A wealth of technology currently exists or is being developed for analyzing habitat
suitability, species distribution, and climate change vulnerability. Natureserve offers a Climate
Change Vulnerability Index (CCVI) for Ecosystems and Habitats. The program operates through
inputting species or habitat data to generate a vulnerability rating of low, moderate, high, or very
high. The program analyzes climate exposure, climate change sensitivity, and adaptive capacity
through a series of algorithms to determine species or habitat vulnerability (Anaecker et al..,
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2013, Comer et al, 2012).
Additionally, a variety of models exist or are replicable for determining climate change
vulnerability. These models exist as Species Distribution Models (SDM’s) or Habitat Suitability
Models (HSM’s). These can be run through programs such as ArcGIS, SAS, R, Maxent, and
similar. This particular secondary research study was constrained in the scope required to
undertake analysis through these means. Although these technical programs were not used for
this research, this study attempts to mimic criteria used in Natureserve’s CCVI through
individual suitability trait analysis.
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IV Results
4.1 Recruitment
Prolific seed dispersal and seedling recruitment is an indicator of success in the
context of climate change. Smaller seeds are more successful—seeds weighing less than 0.1
g have the best likelihood of dispersing into suitable habitat and refugia (Wolf et al., 2016).
A robust seedbank also ensures population enhancement after environmental triggers.
Chamise maintains the smallest average seed mass, followed by Marin Manzanita, then
Hoary Manzanita.
Seed size and mass correlates to a species’ ability to shift into suitable habitat and cover a
wider range, both currently and in a climate change future. Smaller, lighter seeds are able to
travel farther distances than larger, bulkier seeds, thereby upholding the ability to move into
refugia if necessary for species persistence.
Annuals have a slightly higher likelihood of shifting into suitable habitat at 7.7%
probability, versus perennials at 6.8% (Wolf et al., 2016). Annuals maintain smaller, lighter
seeds and at greater quantities than perennials, lending to this success. For these reasons,
invasive species are successful at recruitment: they typically have smaller, lighter, winddispersed seeds and are mostly comprised of annuals. The general range for seed size grouping if
as follows: “small” is <0.1g, “medium” is 0.1g – <10 g, and “large” seeds are >10g (Wolf et al.,
2016).
Small Seeds
<0.1 g/ <100 mg

Medium Seeds
Large Seeds
0.1g–10 g/ 100 mg–10,000 mg >10 g/ >10,000 mg

*Derived from Wolf et al., 2016

Figure 13. A. fasciculatum seed.Courtesy USDA.

There are two main categories of seed dispersal:
temporal dispersal (seed germination by fire and other
triggers) and spatial dispersal (wind or animal dispersal).
Temporal dispersal species tend to have larger seeds as to
remain near the parent plant, and spatial dispersal species
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have smaller seeds to travel farther. Within the study area, both categories can exist concurrently
since many species are fire dependent, but also wind-dispersed.
Of the chosen species, chamise has the smallest, lightest seeds, followed by Marin
Manzanita, and then Hoary Manzanita. A. fasciculatum seeds are very small and numerous.
Each seed is 2–5 mm long with an approximate seed mass of 1.5 mg, or 0.0015 grams (USDANRCS, 2015)—roughly the size and mass of a grape seed and produced in numerous quantities.
The seed is not particularly adept at wind dispersal and mostly drops beneath the parent plant.
However, achenes allow for seeds to travel by wind up to a radius of ten meters (Vasey et al.
2012).
A. canescens seeds grow in dense clusters of a few fruits covered in a hard, bony material
and fleshy red coating indicative of manzanita species (Wallace, 2011). Fruit is 5–10 mm wide
and 17,420 mg in weight (Royal Botanic Gardens KEW, 2016). Seeds typically drop directly
below the parent plant and, unless damaged, become incorporated into the seedbank until fireinduced germination and adequate rainfall.

A. virgata seeds grow in clusters of three to eight. Fruits usually grow separate from each
other as 6–8 mm wide stones weighing in at 6,654 mg. Growth patterns are similar to A.
canescens. Seeds are gravity-dispersed and drop directly below the parent plant.

Species

Seed Size

Seed Mass

Dispersal radius

A. fasciculatum

2-5 mm long

1.5 mg**

appx 10 meters

A. canescens

5-10 mm wide

17,420 mg*

< 10 meters

A. virgata

6-8 mm wide

6,654 mg*

<10 meters

**USDA *Royal Botanic Gardens KEW

Both manzanita species have heavy fruits that drop directly to the ground beneath the
parent plant and are not easily dispersed by wind. However, manzanitas can potentially travel
distances that rival most lightweight, spatially dispersed species through animal-assisted
migration via herbivory. Animal-assisted seed dispersal is the best method for the Arctostaphylos
genus and other bulky, edible fruits to travel the farthest distances without human intervention.
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Historically, grizzly bears were likely the primary large mammal to ingest manzanita
fruits and transport seeds, but now smaller mammals such as coyotes, birds, and especially
rodents are likely the primary distributers. Transport by rodents includes an impressive range:
typically no more than 9.6 meters, but with a maximum distance of 38.4 meters recorded in a
study (Moore, 2014). Animal-assisted migration is not a factor that can be easily managed, and it
is important to keep in mind that herbivory more often than not destroys plant tissue, leading to
death, while migration of seed material is rarer.

Seed bank:
Although larger seeds cannot disperse as far as smaller seeds, the greater mass often
allows for them to remain in the seedbank longer before decomposition or sterility occurs
(Estrada et al., 2011). Obligate seeders such as A. virgata, which depend on fire to germinate, are
stored long-term in the soil as part of the seedbank, which only grows more abundant as time
continues without a wildfire trigger. A. fasciculatum can also collect heavily in the seedbank and
can withstand many environmental factors until germination triggers occur. Approximately 2,000
seeds per square meter were estimated in decade-old seedbanks, whereas seedbanks almost a
century old maintain approximately 21,000 chamise seeds per square meter (Parker, 1986 Vasey
et al. 2007). Seed output is greater and more productive in chamise than in the other species
studied.

Seed Sourcing
While seed size and seed bank vigor should both be considered when analyzing climate
change resilience, land managers can actively take measures to source seeds and cuttings for best
management practices. Typically, seed sourcing for restoration and revegetation occurs within
locally congruent habitats (SER, 2009). Plant species are specially adapted to their habitat by
genotype, so seed sourcing by watershed or other similar ecoregion is ideal to ensure genetic
similarity. Many recommend utilizing level IV ecoregions as outlined by the EPA as these are
the most detailed ecoregion outlines and are delineated by habitat and climactic factors. Smallscale watersheds are also appropriate as sourcing boundaries (see map below). Several studies
are ongoing examining level IV ecoregions combined with watershed borders and temperature
factors as a base for seed-sourcing boundaries. However it is determined, seed-sourcing
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boundaries should include species with similar adaptations and biotic environmental thresholds
for climactic and biotic f actors

Figure 17 Example small-scale watersheds for Seed sourcing. As suggested by Society for Ecological
Restoration, 2009
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New research suggests that land managers should look outside of traditional seedsourcing standards to collect from individuals that may be best adapted to a climate change
future. Populations of the same species may express different genetic adaptations of resilience
when exposed to drought and extreme temperatures (Breed et al., 2013, Havens et al., 2015).
This is a difficult balance, as the species must survive and remain viable for these adaptations to
occur and natural selection to take place. Rate of change is species-dependent and plasticity
helps facilitate faster adaptations. Some species can adapt within a few generations while others,
like most tree species, may take thousands of years to shift into more resilient genetic traits. The
more plastic, the more successful, and if species are completely unable to adapt, these impacts
will be expressed in subsequent generations as the seedbank fails to keep pace with a changing
climate (Havens et al., 2015).
If seed is collected from an island population exposed to any of the factors of higher
temperatures, higher drought stress, and higher disturbance it may be an ideal seed collection site
for planting. These seeds from stressed parent material will be pre-adapted for conditions of a
climate change future and more likely to be resilient. There are several proposed methods of seed
collection within this framework: Local—collection in accordance with traditional protocol
within boundaries mimicking natural seed dispersal. Predictive—collection from genotypes
adapted to climate change projections for the region of interest. (This is a risky option because
climate change modeling isn’t foolproof.) Composite—a mixture of seed collected from different
populations to mimic a natural dispersal pattern and genetic match. Admixture—a wide variety of
seed collected throughout different genetic pools at a more random rate than composite or
selective. (Breed et al., 2011). If seeds are from plants already adapted to harsher climate and
disturbance, migration (assisted or natural) may not be necessary for survival of vulnerable
species.
The method of sourcing seeds in either the “composite” or “admixture” categories is
known as facilitated adaptation. Discerning population for seed sourcing with climate change in
mind is a more prudent method of assisted migration—natural selection and population dynamics

42

will sort out population dynamics eventually when plants are seeded. Choosing seeds for preadaptation from stressed plant populations will create the most resilient crop.
Seed-Sourcing Type Definition

Benefits

Risks

Strict local
provenancing

Little risk of
maladaptation (at
least short-term)

Narrow genetic base,
possible inbreeding,
genetic drift, lack of
adaptive potential

Little risk of
maladaptation,
avoids inbreeding,
increases adaptive
potential

Can have narrow
genetic base,
lack of adaptive
potential for the
longer term

Avoids inbreeding,
increases adaptive
potential

Maladaptation,
outbreeding
depressing

Highest adaptive
potential

Largest risk of
maladaptation,
outbreeding
depression, possible
invasive genotypes
Projections may be
wrong, requires
much research (high
initial cost)

Relaxed local
provenancing

Composite
provenancing

Admixture
provenancing

Prediction
provenancing

*From Havens et al., 2015

Using seed only
from the site where
restoration is
occurring or
populations within
normal gene flow
distance
Mixing seed from
geographically close
populations with a
focus on matching
environment of
source and recipient
sites
Mixing seed from
population of close
and intermediate
distance (or
environmental
match) to mimic
long distance gene
flow
Mixing seed from
many populations of
varying distances
throughout the range
of the species
Using genotypes
adapted to predicted
conditions (e.g. 2050
climate projections)
based on models and
transplant
experiments

Deals best with
changing conditions
if predictions are
correct
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4.2 Fire Risk
Fire is a critical component of regeneration in chaparral and coastal scrub
ecosystems. According to projections, wildfires are only predicted to increase marginally in
the study area through the end of the century (maxing out at 1.23x risk in the A2
scenario—minimal compared to the rest of the state). However, additional burns will only
assist all three species in higher recruitment and success.

A Fire History :
The Bay Area is comprised of a mix of fire sensitive, fire neutral, and fire dependent
plant communities and the region has experienced its share of fire occurrences since
establishment of human civilization. Pre-Native American settlement, fire frequency was low,
but raised significantly during Native American residence and during the time of early ranchers.
Native American groups within the region utilized fire, which reduced woody fuel loads and
opened forest and shrub areas (Hsu et al.). Currently, the region is experiencing historic fire
suppression due to a desire to keep fire occurrence low near areas heavily populated by people
(Forrestel et al., 2011).
Within the East Bay, large fires historically occurred every 10-20 years, with a few
noteworthy fires within the past century. In 1923, the Berkeley Fire began in chaparral and
grasslands next to development and consumed a large portion of the UC Berkeley campus. The
next most noteworthy modern blaze was the 1991 Oakland Tunnel firestorm, which burned
1,520 acres and began in dry grassland. Outside of the East bay, The Valley Fire of 2015 was
one of the worst the state has witnessed and was the last noteworthy blaze until the summer of
2015 when the Lake fire devastated 75,781 acres in Lake, Napa, and Sonoma Counties. Deemed
the third worst fire in California recorded history, the blaze was the result of several years of
drought yielding dry, flammable biomass with little moisture.
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Golden Gate National Reecreation Area (GGNRA) Recent Wildfire History
Area

Human-caused
fire (average per
year)
1987-2006

Lightning-caused
fire (average per
year) 1987-2006

Human-caused
fire (average per
year) 1997-2006

Lightning-caused
fire (average per
year) 1997-2006

All GGNRA
lands
GGNRA Marin
County
GGNRA San
Francisco County
GGNRA San
Mateo County

7.5

0.15

8.5

0.2

4.15

0.05

4.8

0.1

3.1

0.1

3.6

0.1

0.25

0

0.1

0

*GGNRA Fire Management Plan, 2007
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Fire Predictions:
A marginally increased fire risk is predicted in the study area due to warmer, drier
conditions, and drier fuels, especially in the A2 scenario. Additionally, a larger human
population by the Wildland-Urban Interface (WUI) is a primary determinant for fire risk. Risk is
not high compared to the rest of California.

Figure 18. Marin County Wildfire risk from Cal-adapt.org.

Figure 19. Sonoma County wildfire risk from Cal-adapt.org.
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Species Resilience to Fire Disturbance
Adenostoma fasciculatum and fire:
Adenostoma fasciculatum is well adapted to fire. Resistance to mortality after fire is one
of the most important traits for a chaparral species to survive prolonged flame exposure and A.
fasciculatum is particularly resilient against burns. The dry branches contain a resin that is
flammable, lending one of its common names—greasewood. As a facultative sprouter, the plant
maintains a high survival rate after a burn through seed germination and active sprout
regeneration (Debano, 1978).
While A. fasciculatum is adapted to fire, the synthesis of fire and drought may be beyond
the threshold even for A. fasciculatum to handle depending on extent of climate change. Greater
resprout mortality occurs when intense drought follows fire, with an average of only 20%
survival rating of resprouts after five years (Pratt et al., 2013). Prolonged multiyear drought may
cause declining carbohydrate reserves, harming the plant and inhibiting growth and success.
Within the regrowth period during prolonged drought, reprouts had complications with tissue
connectivity issues and embolism—cavities appeared in the xylem of plants obstructing normal
processes. Overall, while chamise is resilient and adapted to regular fire intervals, the
combination of drought and fire hinders shrub regrowth and overall abundance. If the Bay Area
experiences a warmer–drier instead of a warmer–wetter scenario, and fires are present, chamise
possibly may not expand as rapidly as predicted.

Arctostaphylos virgata and fire:
Fire assists A. virgata, especially in recruiting new individuals as it is a non-sprouting
obligate seeder and germination of the seedbank is stimulated by fire. Fire has historically been
suppressed in areas where the plant grows due to the WUI of nearby Point Reyes and humanoccupied communities. While seed germination has been hindered, Douglas fir forests have
simultaneously been allowed to grow without fire suppression, shading and overtopping the
manzanitas. A. virgata exposed to open spaces and not shaded by Douglas fir forests had about
twice the photosynthetic capacity and greater productivity, proving that these invading forest
stands are detrimental. The manzanitas also share the same symbiotic mutualist organisms as
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Douglas fir forests and the trees create critical competition (Chapman, 2011). Fire suppression
has inhibited seed germination while simultaneously allowing a competitor to overtop the rare
manzanita, causing a multitude of problems and contributing to declining populations. Obligate
seeders may be unable to presume dominant status in a vegetative community due to inability to
reach substantial numbers before being crowded out by other vegetative types (Hanes, 1977).
The 1995 Vision Fire restimulated growth of A. virgata in a way that hasn’t been seen
since that time. The fire was the largest witnessed in 30 years, burning more than 1,250 acres
over five days, affecting around 15% of Point Reyes National Seashore (PRNS). Three to seven
years after the burn, A. virgata populations began bourgeoning with populations rising by the
thousands. There is a distinct correlation between the burn and the subsequent rise of A. virgata.
Now, more than 20 years since the last blaze, populations are declining again due to
overcrowding from overstory species, but another burn could benefit recruitment. However,
burns must be carefully considered as many other chaparral species can be stimulated by fire and
may compete with more sensitive species such as the Manzanita. For example, after the Vision
Fire, bishop pine (Pinus muricata) was noted growing in new habitats, hastened by the fire. As a
pyrophyte, the tree is greatly stimulated to germination by fire (Forrestel, 2011). A. virgata will
benefit from increased fires from climate change, although factors of drought and competition
may complicate success.

Arctostaphylos canescens and Fire:
As a non-sprouter, Arctostaphylos canescens responds similarly to A. virgata when
exposed to fire. It does not resprout, but seed germination is stimulated by flames. Older seeds
that have remained in the seedbank longest tend to germinate first, while more freshly dropped
seeds remain dormant until subsequent fires (Parker, 1986). Therefore, it is reasonable to assert
that the longer the fire interval, the more seedlings will sprout. Like A. virgata, seedlings don’t
emerge until at least the second year after a burn. Fire has been suppressed on Mount
Tamalpais—the primary location of this species within the Bay Area, likely limiting new growth
of A. canescens. The last recorded fire on Mount Tam was in the late 19th century when the base
of the mountain caught fire and spread to surrounding areas. Vigilant fire suppression in the
popular tourist destination has prevented further wildfires.
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Prescribed fire:
Prescribed burns are primarily used in the treatment of invasive plant species and as a
means of fuel reduction to prevent WUI fires (Blank, 2001, Forrestel, 2011). Prescribed burns
solely as a means to stimulate the seedbank rarely occur. Within the Golden Gate National
Recreation Area (GGNRA), fires must occur during a specific window period, with a large crew
present and ready to intervene should the fire become unmanageable. Fires are focused on
grassland areas with many invasive species (Parker, 2007).
Point Reyes allows for prescribed fire in grassland and rangeland areas during
appropriate times of year and weather conditions, but none of the areas are within Arctostaphylos
virgata range (Parker, 2007). According to the 1994 Marin Municipal Water District manual,
prescribed burns on Mount Tamalpais are sanctioned only for fuel reduction, although this plan
is being replaced within the next year. As recently as April 2016, a prescribed burn took place
above Bon Tempe Lake on Mount Tam to clear fuel (Howald et al., 2009).

4.3 Temperature exposure risk
Of the three species, Adenostoma fasciculatum is most resilient to increasing
temperatures, followed by Arctostaphylos virgata and then Arctostaphylos canescens. Marin
Manzanita gains resilience through its geographical location, while Hoary Manzanita is
most at risk in its current range.
By comparing climate change projections to suitability traits, temperature exposure risk
can be assessed. The Cal-adapt local climate snapshot tool is helpful for this analysis as the
current thresholds can be compared to projected changes in order to determine sensitivity by
population. The Cal-adapt climate snapshot tool utilizes both the A2 high-emissions projection
and B1 low-emissions projection so that estimates provide a range of best-case and worst-case
scenarios in accordance with models. Future results can be estimated by overlaying current
population data with projected temperature data. Results through Cal-adapt are region-specific
by county or gridded quadrat, so differences in microclimate can at least be partially credited.
These overlays provide estimates of how temperature increases from climate change may
influence each population.
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Adenostoma fasciculatum
Chamise is predicted to benefit from increased temperatures and other projected factors
of climate change (Cornwell et al., 2012). The species currently has a large temperature range of
about 19°C with July high threshold averaging 36°C and December low averaging -1°C.
Throughout the study area, A. fasciculatum is most widespread in hot, inland areas. For example,
a lofty population on Mount Diablo withstands average July high temperatures of 28+°C and
remains a dominant shrub on the mountain (C). The species is predicted to thrive and encroach
on other less dominant plants.
Marin County:
Low emissions B1: +1.5°C
High emissions A2: +2.7°C
By population area: 1.5°C-2.9°C increase
Population area in Marin County includes Mount Tamalpais to Samuel P. Taylor State Park
Current species population area July mean and high: 18° and 27.2°

Adenostoma fasciculatum -Marin County Projections
and Thresholds
35
30

Summer
High
Tolerance

25
20
15
10
5
0
Summer low

Summer high
Current

B1

A2

Figure 20. Marin County projections.

Sonoma County and Napa County are grouped into the same watershed, but will be analyzed
separately for the sake of climate projections.
Sonoma County:
Low emissions B1: +1.7° C
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High emissions A2: +2.9°C
By population area: 1.7°C-3°C
Current population in Sonoma County is near Sonoma State University ranging west to Lokoya
Current species population area July low and high: 19°C high 27°C

Adenostoma fasciculatum-Sonoma County
Projections and Thresholds
40
35
30
25
20
15
10
5
0
summer low

Summer
High
Tolerance

summer high
Current

B1

A2

Figure 21. Sonoma County projections.

Napa County:
Low emissions B1: +1.8°C
High emissions A2: +3.2°C
By population area: 1.7°C-3°C
Current population in Napa County is approximately from Vichy Springs to Pope Valley
Current species population area July mean and high: mean, 18°C high 25°C

51

Adenostoma fasciculatum-Napa County
Projections and Thresholds
40
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High
Tolerance
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0
Summer low

Summer high
Current

B1

A2

Figure 22. Napa County projections.

Contra Costa County:
Low emissions B1: +1.7°C
High emissions A2: +3.1°C
By population area: 1.7°-3°
Concentrated around Mount Diablo with additional populations from Concord to Antioch
Current species population area July low and high 15.4°C, 30°C

Adenostoma fasciculatum-Contra Costa
County Projections and Thresholds
40
30
20
10
0
Summer low

Summer high
Current

Figure 23. Contra Costa County projections.

Alameda County:
Low emissions B1: +1.8°C

B1

A2

Summer
High
Tolerance
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High emissions A2: +3.2°C
By population area: 1.8°-3.2°
Robust populations throughout Oakland Hills and near Contra Costa County border, largest
populations of any of the other counties
Current species population area July low and high: 15.4°C, 28°C

Adenostoma fasciculatum-Alameda County
Projections
and Thresholds
40
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Tolerance
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Summer high
Current
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A2

Figure 24. Alameda County projections.

Santa Clara County:
Low emissions B1: 1.9°C
High emissions A2: 3.2°C
By population area: 1.7°-3.2°
Santa Clara County population is approximately west of San Jose as well as near Palo Alto
Current species population area July low and high: 12.1°C, 29.3°C
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Adenostoma fasciculatum -Santa Clara
County Projections and Thresholds
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Figure 25. Santa Clara County projections.

San Mateo County:
Low emissions B1: 1.7°C
High emissions A2: 3°C
By population area: 1.7°C-3.2°C
Population dispersed throughout Eastern San Mateo, mostly Butano State Park, Pescadero, and
near Redwood City
Current species population area July low and high: 12.1°C, 24.8°C

Adenostoma fasciculatum-San Mateo
County Projections and Threshold
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Tolerance

20
10
0
Summer low
Current

Summer high
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Figure 26. San Mateo County projections.

Arctostaphylos canescens:
Hoary Manzanita lacks the same volume of formal analysis and existing literature as the
other two species, but as a species with paleoecological records from cooler, northern climates its
response to rising temperatures remains critical (Vasey, personal communication).

54

Temperature range is approximately 17.7°, December low tolerance -2.2°, July high tolerance
33°
Marin County:
Low emissions B1: +1.5°C
High emissions A2: +2.7°C
By population area: 1.5°C-2.9°C increase
Population area in Marin County is primarily on Mount Tamalpais
Current species population area July mean and high: 16.11°, 28.3°

Arctostaphylos canescens -Marin County
Projections and Thresholds
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Tolerance
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0
Summer low
Current

Summer high
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A2

Figure 27. Marin County projections.

Sonoma County:
Low emissions B1: +1.7° C
High emissions A2: +2.9°C
By population area: 1.7°C-3°C
Main populations near Santa Rosa and Napa County border
Current species population area July low and high:low 10°C high 28°C
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Arctostaphylos canescens-Sonoma
County projection and threshold
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Figure 28. Sonoma County projections.

Napa County:
Low emissions B1: +1.8°C
High emissions A2: +3.2°C
By population area: 1.7°C-3°C
Current population in Napa County is Northwest and Southeast corners of the county
Current species population area July mean low and high: low 11.8°C high 33.6°C

Arctostaphylos canescens - Napa County
Projections and Threshold
50

Summer
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20
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Summer low

Summer high
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Figure 29. Napa County projections.

B1

A2
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San Mateo County:
This graph represents a relict population that is no longer located in San Mateo County.
Relict population located on King’s Mountain, last recorded in 1902 and dispersed throughout
Eastern San Mateo, mostly Butano State Park, Pescadero, and near Redwood City.
Low emissions B1: 1.7°C
High emissions A2: 3°C

Refugia Potential San Mateo

By Relict population area: 1.7°C-3.2°C
Relict Population area Summer low and
high: 12.1°C, 24.8°C

30
20

This species will be greatly affected
by rising temperatures in its current range
and reach a summer high threshold in the
A2 scenario, which may stress populations
and lead to decline. This San Mateo graph

10
0
Summer low

Summer high

Current B1 A2
Figure 30. San Mateo County projections.

is meant to demonstrate that the species
could succeed in this county.

Arctostaphylos virgata:
This endemic species is only present in Marin County. Temperature range is the smallest
of all three species at approximately 3.3°C, December low tolerance is 5.5°C, July high tolerance
is 26.6°C. This species is the most sensitive to extreme high temperatures. As an endemic
species only present in Marin county, this is the only county that will be examined for
Arctostaphylos virgata.
Marin County:
Low emissions B1: +1.5°C
High emissions A2: +2.7°C
By population area: 1.5°C-2.6°C increase
Population is endemic to Point Reyes and Western Marin County.
Current species population area July mean and high: 17.8°, 18.6°

Summer
High
Tolerance
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Arctostaphylos virgata-Marin County
Projections and Thresholds
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Figure 31. Marin County projections.

A. virgata will not reach the summer high threshold, even with the A2 scenario. This
analysis reveals that the species range is within an area of refugia, so even though it is a sensitive
species, temperatures will not exceed its tolerance threshold. However, it is important to keep in
mind that the hottest time of year will likely extend due to climate change and that extreme heat
days will be more common, which will stress the species further. (Parmesan, 2003, Hsu 2015).
The temperatures for this graph are slightly lower than the other Marin graphs because the
species grows in Western Marin closer to the coast, whereas the other two grow in Central Marin
and on Mount Tamalpais, exposed to higher temperatures and a higher change in temperature.

4.4 Water uptake risk
Precipitation projections in California through the end of the century do not
demonstrate any visible trend, regardless of climate change scenario. Although the state
and most of the western U.S. have experienced drought conditions in recent years, the
likelihood of similar additional drought spells is uncertain. California may become drier
and warmer, or wetter and warmer by 2099. According to current data, both
Arctostaphylos species will be drought stressed by by reduced precipitation or snowpack
while Chamise will not be impacted. Additionally, other climate change factors of lower

58

summer fog, higher insolation, and higher evapotranspiration will influence water uptake
of the study species.
Water uptake is one of the most limiting factors for species success in Mediterranean
climates due to the water-restricted nature of these regions (Keppel et al., 2011). Analyzing
water uptake threshold is a similar process as analyzing temperature exposure risk. Comparing
climate change projections for precipitation to suitability traits of water needs provides an
estimate assessment of likely limitations for each species. Risk correlates to dependence on high
yearly rainfall. Current rainfall within the state of California averages 12–40 inches of
precipitation per year, depending on region and conditions, and approximately 23 inches a year
within the Bay Area (U.S. Climate data).
However, unlike temperature projections, precipitation and snowpack projection
scenarios for the state of California do not express any trends and therefore are less reliable than
temperature projections, which provide distinct correlations as mentioned in section 1.2.
Although the state has been experiencing drought conditions for five years prior to the time of
this research, climate change could yield either a wetter–warmer scenario or wetter-drier
scenario and the outcome is currently uncertain. All graphs from Cal-adapt.org.
Analyzing projected rainfall by county:

Contra Costa County
Marin County
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Alameda County

Santa Clara County

Napa County

San Mateo County

Adenostoma fasciculatum:
Tolerance Lowest Projection for Range
11–89
16 inches–Santa Clara,
inches
Alameda, Contra Costa 2100
A2 scenario

Vulnerable to projections
No

As an extremely drought tolerant species with a water uptake range of 78 inches,
Chamise will fare well in either a wetter–warmer or drier-warmer future.
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Arctostaphylos canescens:
Tolerance

Lowest Projection for Range

32–123 inches

30 inches–Napa & Marin
Counties 2070 and 2100 A2
scenario

Vulnerable to
projections
Drought stress likely,
especially with A2
scenario late century

Arctostaphylos canescens may experience the most water uptake vulnerability of all
three species. According to Cal-adapt projections within its range of Marin and Napa Counties,
the end of the century may result in yearly precipitation under the necessary threshold. In Marin
County 2060–2080 rainfall projections are expected to remain under the minimum tolerance of
32 inches, regardless of A2 or B1 scenario. These projections rise again, but then in the A2
scenario plummets to 26 inches a year—almost 10 inches below what A. canescens requires.
This species will likely experience drought-stress toward the end of the century, especially in
Marin County and if the A2 scenario occurs.
Arctostaphylos virgata:
Tolerance Lowest
Projection
for Range
34–65
25 inches–
inches
A2 2060

Vulnerable
to
projections
Drought
stress likely

Separate precipitation projection graphs were collected for Point Reyes representing
Inverness Ridge and Point Reyes Station to gain understanding of shifts within the coastal
microclimates. Countywide projections throughout Marin County do not demonstrate the same
fine-grain differences as microclimate data. According to tolerance thresholds, A. virgata has
already experienced drought stress in the past, which may only become exacerbated in the future.
Rainfall of approximately 30–33 inches per year at both locations from 1980–2000 is below the
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34-inch minimum threshold. Precipitation begins to decline mid-century, especially in the A2
scenario. Drought stress is likely by 2100, especially in the A2 scenario.

Inverness

Point Reyes Station

The graphs from Cal-adapt are separated by county in order to gain a better
understanding of precipitation predictions by region. The graphs for Marin Manzanita are
separate in order to represent the microclimate differences of the Point Reyes coastal region, as
precipitation projections for this area are representative of current higher rainfall averages for
this area than inland areas. Overall, these graphs demonstrate lack of a visible precipitation trend,
although in all counties, the A2 scenario for 2100 shows a considerably lower amount of
precipitation. Precipitation is not the only factor to consider as a source of water uptake. Fog
plays a large role through fog drip for coastal species and evapotranspiration dictates the amount
of moisture plant tissue can hold.
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Fog
Summer fog generates layers in
temperature and humidity from coast
to inland within the Bay Area,
influencing biotic factors and creating
a buffer from dry season drought
conditions to reduce the water stress of
many plant species. In certain coastal
regions of the Bay Area, summer fog
can constitute up to 30% of dry season
moisture intake for plants. Even if
plants do not possess physiological
traits for direct foliar moisture uptake,
fog will condense on leaves, then

Figure 23. Summer fog decrease of 33% since 1950 from Johnstone and Dawson, 2010.

drip to the ground where it can be
absorbed into the soil and roots (Burgess, Dawson, 2004). Additionally, fog has been proven as a
transporter of Nitrogen. Plants that receive water intake from fog have been shown to benefit
from additional Nitrogen absorption directly from fog droplets (Ewing et al., 2009). Occurrence
of summer fog has reduced 33% over the course of the 20th century (Johnstone and Dawson,
2010). Studies show that several species rely on fog drip and therefore will be affected if reduced
fog amounts continue at a similar trajectory. For example, Sequoia sempervirens have been
determined to rely on foliar uptake of fog drip to sustain tissue composure during the dry season
(Burgess and Dawson, 2004). Similarly, Pinus muricata and Pinus torreyana also benefit from
excess moisture due to fog drip, and the protection from sun exposure and evapotranspiration
that fog provides (Fischer et al., 2009). It can be inferred that fog-drip dependent chaparral
species similarly will be influenced by reduced summer maritime layer, especially if prolonged
drought continues.
Bay Area coastal fog forms through a multitude of factors. High-pressure surface
anticyclones on the eastern side of the globe create alongshore wind stresses. When magnified by
the Coriolis effect, it drives Ekman transport, which in turn encourages upwelling (the main
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driver of summertime fog) along the coast by churning deep, cold, nutrient rich water up the
oceanic water column. When the cold offshore water meets the descending, warmed air, an
inversion occurs creating the fog layer. Fog drip provides a notable amount of water supply
through direct uptake from leaves and improves plant health and growth, especially during times
of water scarcity. Fog may also stimulate microbial activity and encourage biogeochemical
processes in the soil (Torregrosa et al. 2014).
Reduced fog poses a risk for chaparral species that depend on fog drip for resources.
Likewise, reduced fog could also increase evapotranspiration due to lower humidity, increased
temperature, and increased insolation. It is simply a critical component of the Bay Area
ecosystem, especially during the summer dry season. Due to microclimate differences, coastal
soft chaparral typically experiences more moisture through fog deposition than inland hard
chaparral. Soil moisture levels remain low in inland sites, declining through the dry season,
while moisture levels are slightly higher in coastal areas solely due to the maritime fog layer.
The summer marine layer creates more favorable cooler and moister conditions along its range.
The decline of fog has significant implications beyond even water uptake since coastal
non-sprouting Arctostaphylos species are more vulnerable to drought-induced xylem
complications than inland non-sprouting species (Vasey et al. 2012). Xylem cavitation is a main
concern for species that fit these criteria, causing embolism and eventual tissue destruction. If
fog continues to decrease, certain species, especially those in the Arctostaphylos genus, are
susceptible to “vascular cavitation”—or the breakdown of xylem and defects of gas exchange
when experiencing extreme, prolonged water stress. The greatest risk for cavitation occurs for
maritime seeders (Vasey and Loik 2012). This information has been disputed, suggesting that no
difference occurs regarding vulnerability to cavitation based on proximity to the coast (Jacobsen,
Pratt, 2013).
Reduced fog will likely not affect A. fasciculatum as it is already exceedingly drought
resistant. Arctostaphylos species will likely be more threatened by reduced fog and the inevitable
reduced uptake of moisture through fog drip. Vulnerability correlates to reduced fog presence for
species that rely on fog drip during drought years (Vasey).
Arctostaphylos virgata is dependent on summer coastal fog along its range. Summer
temperatures are typically lower than surrounding areas with average June through August
temperature of 17.7°C, whereas the summer average for the rest of Marin County is around 26°C
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(NOAA). The population is shielded from harsher inland temperatures, suggesting this species
requires the cooler, wetter conditions to thrive. Fog regulates the extreme heat conditions farther
from the coast and can account for almost 1/3 of the ecosystem’s water content (Azevedo and
Morgan 1974). In 2007, Don Neubacher, the Superintendent of Point Reyes National Seashore,
testified to Congress about the future of PRNS. One item of note was his mention of the decline
of fog notable within the park, with two of the previous three years maintaining lower levels of
fog.
Over the last century, as fog has reduced, temperatures have warmed (Johnstone and
Dawson, 2010). Fog records were taken daily to demonstrate a decline across all areas studied,
with significant reduction notable beginning in the 1980s and a century-long average of 2.2%
decline in summer fog per decade. Overall, this proven waning in fog is linked to heightened
drought sensitivity for A. virgata and other coastal scrub species, as fog usually increases water
intake and shields heat and insolation. It is possible that normal systems of evapotranspiration
may also be altered as evaporation rates are likely heightened with decreased fog protection.

Evapotranspiration
Evapotranspiration (ET) is a critical component of the water cycle and occurs as moisture
from plant tissue evaporates into the atmosphere. ET affects the net water absorption of plants by
returning moisture to the atmosphere before it is metabolized. Climate change related shifts will
likely increase evapotranspiration rates in the Bay Area. The rate of ET corresponds to factors of
air surface temperature, soil moisture, insolation, and humidity. Relative humidity is the most
important variable for slowing ET rates and the more arid the climate (Tabari et al., 2014). The
growing problem of decreased coastal summer fog described above, along with higher
temperatures, will contribute to less humidity and greater ET. Additionally, decreased soil
moisture from greater ET will yield more surface water runoff and less net absorption (Cheng et
al., 2016). With these in consideration, even a wetter-warmer future will be offset by greater
evapotranspiration, less fog, and overall less water absorption capability.

4.5 Plant Height
Plant height corresponds to success in obtaining resources such as sunlight and ability to
block out encroaching competition species (Estrada et al., 2015).
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SPECIES
ADENOSTOMA FASCICULATUM
ARCTOSTAPHYLOS CANESCENS
ARCTOSTAPHYLOS VIRGATA

PLANT HEIGHT
Appx. 4 m *
Appx 2 m *
Appx 5 m *

*From Jepson Manual

Chamise is such an aggressively growing species that height only accounts for part of its
success when partnered with allelopathic traits, rapid recruitment, extreme drought, and
temperature tolerance. Topping at 2 meters, Hoary Manzanita is the lowest growing of all three
species, potentially contributing to vulnerability via encroachment and lack of access to sunlight.
Marin Manzanita can grow into a tree-like form, towering over other species. This gives the
plant a distinct advantage for accessing resources. However, it is often overshadowed by the
conifer forests present throughout Point Reyes. Plant height is a lesser factor to consider with
these particular species, but still important when analyzing ability to access natural resources and
compete with other species.

4.6 Range Shifts and Potential Refugia
There is a distinct temperature gradient from east to west across California, with the
coolest temperatures consistently
at the coast and warmest
temperatures consistently inland.
As stated in section 3.7,
refugia is defined as the
biological concept of a
geographic area where plant
species can be sheltered from
changing, harsher climactic
conditions.

Figure 33. Example of temperature gradient from coast to inland. From cal-adapt.org.
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Adenostoma fasciculatum:
This species will spread according to the examined suitability trait criteria and is not in
need of identified refugia.

Figure 34. Cornwell et al, 2012.

Arctostaphylos canescens:
Of all three species examined, A. canescens is most at risk for reaching threshold levels
for temperature and water uptake within its current habitat and may be the best candidate of
those examined for reaching refugia through assisted migration. The species temperature range is
only 17.7°C with an upper threshold of 33°C. In Napa County, the summer high temperature will
surpass the A. canescens summer high threshold in the B1 and A2 scenarios by 2100. In Sonoma
County, the A2 scenario will surpass the summer high threshold by 2100.
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The species will likely experience drought stress in the later part of the century for most
of its range. Napa county populations will be most affected, especially in the A2 scenario. Marin
County projections demonstrate some stress likely in the A2 scenario. Additionally, the species
may be threatened by encroachment of shrubs that will succeed in the future such as A.
fasciculatum and similar Bacharis pilularis and certain Ceanothus species. The seed size of this
species is the largest of all three examined at 17,420 mg and 5–10mm long, placing it into the
“large” category and making long distance dispersal difficult (Wolf et al., 2016, Havens et al.,
2015). This species is unlikely to be able to move into refugia naturally due to the large seed
size..
Coastal and high elevation areas of San Mateo County may be the best fit refugia for the
species within the study area. Coastal areas will provide the best buffer available from high
temperatures while still providing suitable habitat. Relict populations of A. canescens once
existed on King Mountain in San Mateo County, as posted on Calflora.org. Temperature
projections for the area are expected to be well below temperature thresholds, even for the A2
scenario (section 4.3). Likely suitable habitat also exists outside of the study area in Santa Cruz
and throughout northern California. These areas will experience cooler temperatures into the
future similar to San Mateo county.

Figure 31. Plant sensitivity map from Ackerly et al., 2012
Figure 35. Relict populations of Arctostaphlylos canescens in
San Mateo. Recorded 1902.
Calflora.org

Figure 36 Plant Sensitivity Map
Ackerly et al., 2012
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Arctostaphylos virgata:
While current populations are declining, this species is situated in the best possible
location for impending temperature increases. Marin Manzanita already occupies refugia, as
Point Reyes represents some of the coolest projected future temperatures (section 4.3). It may be
possible to determine more fine-scale refugia microclimates within Point Reyes, but that is
outside the capability of this research. Examining more fine-grain scale maps of PRNS may
reveal microclimates that this suitability analysis missed. Locating areas most densely covered
by the fog belt may be the best refugia for A. virgata to spread.
More than direct climate change factors of temperature and water uptake risks, this
species will be threatened by encroachment of more dominant vegetation.

V Discussion
5.1 Synthesis of Results
Factor: Recruitment
Species
Result
Resilient–small seeds
A. fasciculatum
A. canescens

Vulnerable–large seeds

A. virgata

Moderate–medium seeds

Factor: Fire Risk
Species
A. fasciculatum

Result
Resilient–resprouter/facultative seeder

A. canescens

Resilient–obligate seeder

A. virgata

Resilient–obligate seeder

Factor: Temperature Exposure Risk
Species
Result
Resilient–threshold above projections
A. fasciculatum
A. canescens

Vulnerable–in some counties in A2 scenario

A. virgata

Resilient–threshold above projections
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Factor: Water Uptake Risk
Species
Result
Resilient–threshold above projections
A. fasciculatum
A. canescens

Vulnerable–drought stress likely A2 scenario

A. virgata

Vulnerable–drought stress likely, especially late in
century

Factor: Plant Height
Species
Result
Dependent on surrounding vegetative community
A. fasciculatum
A. canescens

"

A. virgata

"

Species

Resilient

Vulnerable

Moderate

A. fasciculatum IIII
A. canescens
A. virgata

I
II

Inconclusive
I

III
I

I

I
I

Of the factors chosen to analyze, chamise surfaces as the most resilient species, Hoary
Manzanita as the most vulnerable, and Marin Manzanita as a moderate species with a tendency
toward resilience. Chamise will spread throughout the Bay Area due to its success, Hoary
Manzanita will face limited suitable habitat and may be encroached upon by other, more
successful species. Hoary Manzanita may be a good candidate for assisted migration into coastal
San Mateo County. Facilitated adaptation for both species through “composite” or “admixture”
seed sourcing may be the best options for both Hoary Manzanita and Marin Manzanita (section
4.1).

5.2 Disclaimer
The data used in this research is based on the best currently available science for climate
change projections and all results and conclusions in the report are derived from best-judgment
deductions. Despite the skill and precision involved in creating these projections, there is still a
lack of total confidence with any climate change projection scenario. The actuality of the future
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of climate change depends on the state of greenhouse gas emissions in the next few decades and
the political, social, and commercial factors that will contribute to either the decline, status-quo,
or increase of emissions. If the actual projection of emissions is different from one of the
commonly used A2 or B1 scenarios, the outcome will be different from any projections.
Likewise, climate models may project different outcomes depending on which model is being
used. This is simply the result of different values and estimations creating different likely
scenarios throughout all models that currently exist (caladapt).

5.3 Other Factors
The factors analyzed in this research were chosen for relevance to the species and region.
However, it’s important to keep in mind all of the many other factors that will affect the study
species that are not directly related to climate change, but may be aggravated by it. Additional
threatening factors may include:

Air pollution: Air pollutants have been linked to woody plant mortality, especially for conifer
species (Kelly, Goulden, 2008). Plant cover can decline significantly if exposed to excess air
pollutants. Pollution rates are projected to increase according to both the B1 and A2 scenarios,
thereby provoking plant sensitivity.

Invasive species: Invasive species will very likely expand in range and population into the future
(Ackerly et al., 2012, Cornwell et al., 2015 Case et al., 2015). These species, already prolific
throughout much of the Bay Area, will take over suitable habitat from native species and
monopolize resources. Examination of climate change effects on invasive species is a growing
topic, as these populations will thrive into the next century.

Development: As Bay Area resident populations continue to rise into the next century, so will
the need for more development. This may stress habitat demands.

Plant pathogens: Water mold root rot pathogens such as Phytopthora sp. which are the cause of
Sudden Oak Death and similar plant diseases are on the rise in the Bay Area. In particular,
Phytopthora cinnamomi threatens Arctostaphylos genera and continues to spread.
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While all of these extenuating factors are in and of themselves threats, they can also all
be arguably worsened by climate change. Climate change will increase temperatures and tax
natural resources, aggravating all of the above listed impacts. Even though this research focuses
on three specific species within the Bay Area, the same framework can be utilized to determine
vulnerability or resilience for any plant species in any location. Using criteria derived from a
comparative analysis through literature review, the factors mentioned in previous sections can all
be used to determine resilience or vulnerability. This study is a small snapshot of how
vulnerability/resilience assessments can be utilized for plant species.

VI Recommendations
Planning for the future is essential to species success. The recommendations for these
plant species were developed with land managers in mind and in accordance with the scope of
their goals. Some recommendations focus specifically on the study area species (#5, #6), while
others are more broad and can be applied to any species in any ecosystem (#1, #2, #3). Most are
a combination of both (#4). Recommendations 4, 5 and 6 are suggestions based on best available
data and require additional research to implement.
● Recommendation 1:
Refrain from planting or seeding shrub species that are likely to spread and thrive in a
climate change future (i.e. Adenostoma fasciculatum, Bacharis pilularis).
As discussed, Adenostoma fasciculatum will spread enormously. Other dominant shrub
species such as Bacharis pilularis and Ceanothus sp. may be very successful with climate
change. Land managers should examine species interactions and make sure that they are not
planting a domineering species near a vulnerable species. Dominant species should not be
planted or seeded, as they will spread on their own. This aggressive vegetation should be
managed (pruned, cut back, etc.) to allow habitat space for other species.
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● Recommendation 2:
Determine climate-vulnerable species and then create adaptive management plans for
those species.
This recommendation applies to a broader area outside of the study area and to all land
managers or those concerned with species resilience. Using criteria similar to this assessment,
or available technology, vulnerable species should be determined and a subsequent adaptive
management plan should be developed for success into the future.

● Recommendation 3:
Continue land management practices to prevent non-climate change threats from
weakening rare or non-resilient species.
Remove invasive species, test for pathogens, remove pests, and continue best
management practices.

● Recommendation 4:
Begin further research and experimentation with facilitated adaptation through
seeding and propagation to strengthen the most vulnerable species. Broaden genetic and
species diversity in restoration through selective seed sourcing.
Land managers are typically encouraged to source seeds for propagation/revegetation by
ecoregion and watershed (figure 17). Anywhere within these boundaries is usually considered a
best management practice. However, more specific methods of seed sourcing that create the
most resilient crops may be more preferable in the future. Collecting seed from the most
stressed, disturbed population of plants within a watershed will likely allow the planted
population greater plasticity to endure climate change threats. Using composite and admixture
seed sourcing (section 4.1) will allow for the greatest genetic diversity (Havens et al., 2015). If
planting, situate populations wisely using aspect, elevation, and microclimate as cues for the
most advantageous locations.
For Arctostaphylos virgata and Arctostaphylos canescens specifically, plant into
microclimates and favorable niches that will work well for species thresholds. As medium-sized
and larger seeds, respectively, they should be broadcast seeded manually for larger range and
within microclimate “pockets” that will encourage success (Wolf, 2016). Always consider seed
size and dispersal ability when planting for climate change.
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● Recommendation 5:
Examine refugia potential for Arctostaphylos canescens in San Mateo County. Refugia
potential also exists outside of the study area in Santa Cruz County and throughout Northern
California.
As demonstrated in sections 4.1, 4.3, and 4.4, Hoary Manzanita is at risk of drought
stress, temperature stress, and encroachment by the end of the century, but may not be capable
of moving into refugia on its own due to large, immobile seeds weighing in at over 17,000 mg. A
relict population once existed in San Mateo County, last recorded in 1902 and the region
functions as refugia, very similar to PRNS. The highest projected temperatures in the county in
the A2 scenario will not reach near the threshold tolerance for the species of 33° C and therefore
represents suitable habitat. The process of assisted migration requires ample additional research
and collaboration. Assisted migration likely would be a long, arduous process met with many
bureaucratic blocks, but if land managers deemed the migration appropriate and cooperated
within the correct framework, this area could work well for the species. Additional research and
reporting is necessary to determine ability to perform the assisted migration.
It is critical to note that this recommendation applies to Arctostaphylos canescens within
the chosen study area. Outside of the study area, suitable habitat for the species exists further
south in Santa Cruz County along the coast and further north of the study area within its relict
habitat range of Northern California. Within the chosen study area, San Mateo County
represents the best choice for suitable habitat with acknowledgement that other appropriate sites
exist outside of these boundaries.
● Recommendation 6:
Examine prescribed burn potential for seed germination throughout the Bay Area.
Currently, prescribed burns are performed sparingly in PRNS, Mount Tamalpais, and the
GGNRA and solely for fuel reduction and invasive species control (Kobernus 2007, Forrestel
2011). Into the future, it may be worthwhile to conduct research on plots for seed germination
and regeneration as this process stimulates regeneration (Keeley, 1998).. This would be
especially beneficial for Arctostaphylos virgata to reestablish populations in Point Reyes
(Parker, 2007). Similar plots have been established for experimental purposes in San Mateo
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county and in the Presidio of San Francisco. Controlled burns are performed followed by an
extensive monitoring process to determine success.

VII Conclusion
Climate change will have a myriad of impacts on vegetation and by 2100, the most
climate change resilient plant populations have a greater chance of success. The hypothesis for
this study was that Arctostaphylos virgata would be more threatened by climate change than
Arctostaphylos canescens, analysis proves the latter as more at risk by 2100, while Adenostoma
fasciculatum will remain resilient and dominate. Marin Manzanita is already situated in the best
possible location for its suitability traits. Point Reyes functions as a refugia site due to its
location by the coast and within the fog belt, providing overall cooler temperatures within the
threshold of the species. Hoary Manzanita will be stressed by temperatures and drought in its
current range, and further strained by seeds which are too large to migrate into refugia without
assistance. A. canescens is an excellent candidate for assisted migration, and suitable habitat is
likely in parkland throughout San Mateo County due to relict population history and refugia.
Further research and cooperation is necessary to even begin the conversation of moving any
species, but it is very likely that A. canescens will face challenges within its current bay area
range, especially on Mt. Tamalpais. As predicted, and as outlined in Cornwell et al., 2015,
Assessments such as this one, while very specific, can be used for any plant species to
assist land managers. Planning for the future will allow for success as climate and environmental
interactions change. Because ecology as a field is so regionally-based, land managers will have
to develop their own adaptive management plans to reach conservation goals. This study
suggests a framework for assessing vulnerability and resilience to preserve biodiversity.
Although climate change projections may currently appear bleak, there is still time for
changes on a policy and commercial level to shift emissions to the lowest possible scenario. With
innovation, cooperation, and careful planning, the projected impacts of climate change can
potentially be at least partially mitigated. In the meantime, it’s urgently necessary to prepare with
conservation measures to protect the most vulnerable species.
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IX Appendix-tools for determining
vulnerability/Resilience

The coastal flow-chart can be used as a tool to determine resiliency or vulnerability of
any coastal species. Begin with the first division of wetland/dune species to determine
proximity of mean high tide. Follow the chart down choosing the category that best fits the
plant species at each step. The most important determining factor is the last one—seed mass
because this trait best predicts ability to shift into suitable habitat if necessary. Although seed
mass is at fixed points in the chart, vulnerability and resilience exist on a spectrum and a
species can fall anywhere within that spectrum. This flow chart will be most effective when
used with accompanying tables and best available scientific data for the species. It is also
necessary that traits such as species temperature suitability traits and water uptake suitability
traits are compared to climate change projections for the area being examined.
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The inland flow-chart can be used as a tool to determine resiliency or vulnerability of
any inland species. Begin with the first division of elevation. Alpine species are immediately
considered vulnerable due to limited suitable habitat with climate change. Likewise, riparian
species are immediately considered resilient because riverine habitats are considered refugia
(Ashcroft et al., 2009). Follow the chart accross choosing the category that best fits the plant
species at each step. The most important determining factor is the last one—seed mass
because this trait best predicts ability to shift into suitable habitat if necessary. Although seed
mass is at fixed points in the chart, vulnerability and resilience exist on a spectrum and a
species can fall anywhere within that spectrum. This flow chart will be most effective when
used with accompanying tables and best available scientific data for the species. It is also
necessary that traits such as species temperature suitability traits and water uptake suitability
traits are compared to climate change projections for the area being examined.
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